Mineral deposits concealed by thick cover sequences present special problems for geochemical exploration. A variety of penetrating geochemical methods have been developed in the last few decades to explore for buried deposits. The theoretical basis of the mechanism by which metals migrate upward from buried deposits through the cover to the surface is still not fully understood. One hypothesis is that metal particles or metal elements could be carried onto bubbles or micro-flow of geogas and migrate upward to the surface. After years of study, nano-scale metal-bearing particles have been widely observed in geogas samples from different kinds of concealed deposits. However, the occurrence of these metal-bearing particles carried by geogases in near-surface media, such as soil, has not been studied in detail. In this study, metal-bearing nanoparticles were observed in samples from soils and fault gouges over the Shenjiayao gold deposit. The results indicate that (1) the ore-forming elements in soils can only come from deep-seated ore bodies and they occur in nanoparticles in the study area; (2) there is an obvious relationship between metal nanoparticles in fault gouges and soils; (3) the metallic nanoparticles in fault gouges represent a transitional phase along the whole vertical migration process. In addition, the observation results show that the metal-bearing nanoparticles tend to be adsorbed on the surface of clay minerals, which provide theoretical support for using fine fraction soils as sampling media to carry out geochemical exploration in sediment-covered terrains. Based on the results and discussion, a simple migration model was built in this paper.
Introduction
As discoveries of world-class mineral deposits continue to decline, increased attention is being focused on geochemical exploration methods specifically designed for terrains covered by thick regolith [1, 2] . These methods include partial extraction techniques, geogas analysis, electrogeochemistry, biogeochemistry, hydrochemistry, etc. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Geogas is an effective method in the search for concealed deposits in covered terrains and has been used for mineral deposit exploration with satisfactory results [9, [18] [19] [20] [21] [22] [23] [24] [25] . This method is based on the assumption that the geogas could carry ultrafine metal-bearing particles or metal elements in the form of tiny bubbles or micro-flow and migrate upwards to the surface [9, 12, 18, [26] [27] [28] [29] . In order to prove the theory is plausible, the best way is to find ultrafine metal-bearing particles in geogas samples that definitely come from deep-seated ore bodies. After years of studies, ultrafine metal-bearing particles at the nano-scale have been widely [12, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] , which provide the evidence for the vertical migration of elements through geogas media and also indicate that geogas is a proper sampling media for geochemical exploration in covered terrains. However, soil is the most common sampling media in prospecting activities. Many studies have proved that soils over concealed deposits contain anomalies that can reflect deep-seated ore bodies [2, 9, 10, 14, 15, 36, 37, [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] . In some cases, the sediment cover over the deep-seated ore bodies is very simple and uniform. Often, the only source of anomalies in soils is from the deep-seated ore bodies [2, 10, 36, 46, 49] . In order to explain the anomaly formation mechanism, the key approach is to ascertain the occurrence and origin of ore-forming elements in soils over concealed deposits.
In this study, we observed the nanoparticles in soils and fault gouges over the Shenjiayao gold deposit in China, which is covered by several to tens of meters of loess. The loess land in China covers 632,000 km 2 , occupying approximately 6% of the total area of the country. The objective of this study is to (a) characterize and compare the nanoparticles sampled from various media; (b) determine the origin of the metal-bearing nanoparticles; and (c) illuminate the migration mechanism of ore-forming elements from deep-seated ore bodies to the earth's surface and discuss the significance of nanoparticles in geogas for mineral prospecting.
Geological Setting
The Shenjiayao gold deposit (134,000 oz of gold) is situated in the Xiaoqinling-Xiong'ershan gold metallogenic belt in the Qinling Mountains of eastern Shananxi and western Henan provinces in central China [53] . The Xiaoshan area is a structural dome bounded by the regional Sanmenxia-Baofeng Fault to the north and the Jiaohe Fault to the south. The dome has a core of Archean basement rocks, which is surrounded by Proterozoic metamorphic rocks (Figure 1 ). The Xiaoqinling-Xiong'ershan region has an indicated resource of more than 400 tonnes of gold and is second in China [54] . Deposits in this region are commonly small but of high grade. The Shenjiayao deposit is a metamorphic hydrothermal gold deposit and is the largest deposit in the Xiaoshan area. The gold ores occur in quartz veins and in highly altered and fractured rocks. The faults in this area are primarily striking to the NNW-NW and the ore bodies are also primarily striking the same direction ( Figure 1 ). Gneiss, plagiogranitic gneiss, and granodioritic rocks of the Taihua Group hosts the deposit. Principal ore minerals include: Native gold, electrum, pyrite, chalcopyrite, galena, sphalerite, arsenopyrite, and marmatite. Gangue minerals mainly include: Quartz, sericite, siderite, dolomite, calcite, chlorite, barite, and kaolinite [25, 53] .
The concealed ore bodies mainly locate in the contact zones of Archean plagioclase gneiss and Early Proterozoic schist. The bed rock is covered by loess in study area. The thickness of loess cover is 22-75 m.
Materials and Methods

Sample Collection and Preprocessing
Open stope method was adopted by Shenjiayao deposit for underground mining. To avoid mining-related contamination, the sampling sites were located away from the mine adits, roads, tailings lagoons, and the ore processing mill. Ten soil samples were collected in different sites above the concealed gold ore bodies. Two fault gouge samples were collected from a deep gully over the ore bodies in the loess-covered area, three soil samples were collected in the background area, and three ore samples were collected in the underground mine. The locations of sampling sites are shown in Figure 1 . At each soil sampling site, one soil sample around 100 g was collected at a depth of 20-30 cm to avoid organic horizon. After field work, the soil samples were dried at room temperature, and sieved to <76 µm. About 10 g soil was scattered using an electromagnetic oscillation micrometer vibrating screen connected to a trap device and an air extractor ( Figure 2 ). The trapping device contains 1 µm Millipore filter and carbon-coated aluminum TEM (transmission electron microscopy) grid to collect nanoparticles. During the oscillation of the vibrating screen and the air extractor, the gases in the sample carrying the micro-nanoparticles enter the collector through a 0.45 µm Millipore filter and metal-bearing particles are captured on a carbon-coated aluminum TEM grid. This process needs to continue about 3 minutes in order to adsorb appropriate particles on the grid. Following this procedure, a clean tweezer was used to pick up the TEM grids, then the grids with the attached nanoparticles were placed into a special grid sample box. The fault gouge samples and ore samples were ground by a ceramic mill to <76 µm. The fault gouge samples were separated nanoparticles in the same way as soil samples. The Shenjiayao deposit is a metamorphic hydrothermal gold deposit and is the largest deposit in the Xiaoshan area. The gold ores occur in quartz veins and in highly altered and fractured rocks. The faults in this area are primarily striking to the NNW-NW and the ore bodies are also primarily striking the same direction ( Figure 1 ). Gneiss, plagiogranitic gneiss, and granodioritic rocks of the Taihua Group hosts the deposit. Principal ore minerals include: Native gold, electrum, pyrite, chalcopyrite, galena, sphalerite, arsenopyrite, and marmatite. Gangue minerals mainly include: Quartz, sericite, siderite, dolomite, calcite, chlorite, barite, and kaolinite [25, 53] .
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Sample Collection and Preprocessing
Open stope method was adopted by Shenjiayao deposit for underground mining. To avoid mining-related contamination, the sampling sites were located away from the mine adits, roads, tailings lagoons, and the ore processing mill. Ten soil samples were collected in different sites above the concealed gold ore bodies. Two fault gouge samples were collected from a deep gully over the ore bodies in the loess-covered area, three soil samples were collected in the background area, and three ore samples were collected in the underground mine. The locations of sampling sites are shown in Figure 1 . At each soil sampling site, one soil sample around 100 g was collected at a depth of 20-30 cm to avoid organic horizon. After field work, the soil samples were dried at room temperature, and sieved to <76 μm. About 10 g soil was scattered using an electromagnetic oscillation micrometer vibrating screen connected to a trap device and an air extractor ( Figure 2 ). The trapping device contains 1 μm Millipore filter and carbon-coated aluminum TEM (transmission electron microscopy) grid to collect nanoparticles. During the oscillation of the vibrating screen and the air extractor, the gases in the sample carrying the micro-nanoparticles enter the collector through a 0.45 μm Millipore filter and metal-bearing particles are captured on a carbon-coated aluminum TEM grid. This process needs to continue about 3 minutes in order to adsorb appropriate particles on the grid. Following this procedure, a clean tweezer was used to pick up the TEM grids, then the grids with the attached nanoparticles were placed into a special grid sample box. The fault gouge samples and ore samples were ground by a ceramic mill to <76 μm. The fault gouge samples were separated nanoparticles in the same way as soil samples. 
TEM Observation
After preprocessing, the TEM grids were analyzed by a transmission electron microscopy (TEM) at Beijing Center for Physical and Chemical Analysis to observe particle features (such as size, shape, structure, composition, and form of polymerization) (Beijing, China). The TEM (Tecnai G2 F30) had a spot resolution of 0.20 nm, lattice resolution of 0.1 nm, resolution of STEM HAADF of 0.17 nm, and minimum beam spot diameter of 0.8 nm. It was equipped with an X-ray energy dispersive spectrometer (EDS) at an accelerating voltage of 300 kV, which can measure the composition of the nanoparticles.
Chemical Analysis
At the same time, all samples were analyzed in the laboratory of Institute of Geophysical and Geochemical Exploration (CAGS) in Langfang, China. A 0.25 g sample was digested in a hot mixture of acids (HCl, HF, HNO 3 , and HClO 4 ). Inductively coupled plasma-mass spectrometry (ICP-MS) was used for the determination of Ag, Cu, Pb, Sb, and Zn concentrations. In addition, a 10 g sample was digested in aqua regia and analyzed by graphite furnace atomic absorption spectrometry (GF-AAS) to obtain the Au concentration. Furthermore, a 0.5 g sample was subjected to an aqua regia digest and analyzed by hydride generation atomic fluorescence spectrometry (HG-AFS) to determine the As and Hg concentrations. Analytical accuracy and precision for the laboratory quality were strictly controlled by laboratory replicate samples and standard reference materials (SRMs).
Results
Nanoparticles from the Deposit
Nanoparticles in Soils over the Gold Deposit
Gold-bearing nanoparticles are very infrequent in the studied particles. An important reason is the abundance of Au in nature is too low, even in the gold mining area. Figure 3a ,b shows an Au-bearing particle in soils over Shenjiayao gold deposit. The particle exhibits an irregular shape with a diameter of approximately 800 nm. The energy dispersive X-ray (EDX) results ( Table 1 ; ID:1) show the particle contains Au (34.11%), Cu (12.16%), Fe (12.91%), Ni (5.54%), C (9.15%), and O (7.38%). Figure 3c is the high-resolution transmission electron microscope (HRTEM) image, which marks two circular regions. The gray black area (I) has a clear crystal face, which reveals a crystalline nature, while the gray white area (II) has no crystal face, which reveals an amorphous nature. The selected area electron diffraction (SAED) pattern ( Figure 3d ) shows regularly distributed diffraction spots of the gray black area. The scanning transmission electron microscope with high angle annular dark field (STEM-HAADF) image ( Figure 3e ) reveals that some smaller nanoparticles are attached on the surface of a big particle. The EDX was used to detect the gray area in the edge of the particle, which shows that the main components are C (20.15%), O (15.36%), and Fe (28.59%). The C:O:Fe atomic ratio is nearly 4:2:1. According to the above, we can infer that some nano-scale native gold, hematite, and Cu-, Ni-bearing particles are attached on the surface of a carbon-bearing particle. Figure 4a shows a Cu-Zr-Au-C-O particle, approximately 1 μm in size and irregular in shape. It comprises two sub-particles. The EDX results (Table 1 ; ID:2) show that this particle contains Cu (24.15%), Zr (21.44%), Au (1.36%), C (36.71%), and O (10.22%). The magnified image ( Figure 4b ) and STEM-HAADF image ( Figure 4e ) reveals that some smaller nanoparticles are adsorbed on the surface of a big particle. The HRTEM image ( Figure 4c ) and SAED pattern ( Figure 4d ) shows that the smaller nanoparticles have clear crystal face and regularly distributed diffraction spots, indicative of a crystalline nature. This suggests that this particle is a carbon-bearing particle and some smaller Cuand Zr-bearing nanoparticles are attached on its surface. It is worth noting that a small amount of gold occurs in this particle, too. Figure 4a shows a Cu-Zr-Au-C-O particle, approximately 1 µm in size and irregular in shape. It comprises two sub-particles. The EDX results (Table 1 ; ID:2) show that this particle contains Cu (24.15%), Zr (21.44%), Au (1.36%), C (36.71%), and O (10.22%). The magnified image ( Figure 4b ) and STEM-HAADF image ( Figure 4e ) reveals that some smaller nanoparticles are adsorbed on the surface of a big particle. The HRTEM image ( Figure 4c ) and SAED pattern ( Figure 4d ) shows that the smaller nanoparticles have clear crystal face and regularly distributed diffraction spots, indicative of a crystalline nature. This suggests that this particle is a carbon-bearing particle and some smaller Cuand Zr-bearing nanoparticles are attached on its surface. It is worth noting that a small amount of gold occurs in this particle, too. Numerous Pb-, Zn-, and Cu-bearing particles were observed in the soil samples over the studied gold deposit. Figure 5a shows a Pb-and Zn-bearing particle aggregation, approximately 50-100 nm in size and roughly circular in shape for every individual particle. The particle aggregation (Table 1 ; ID:3) contains Pb (65.93%), Zn (9.62%), C (10.21%), and O (6.52%). Figure 5b shows a Zn-bearing particle that exhibits a nearly circular shape with a diameter of approximately 150 nm. The particle ( Table 1 ; ID:4) contains Zn (64.90%), O (18.35%), and Fe (6.57%). Figure 5c shows a Cu-bearing particle aggregation, approximately 200 nm in size and also roughly circular in shape for every individual particle. The particle aggregation (Table 1 ; ID:5) contains Cu (33.83%), Al (25.98%), Cl (24.27%), and Zn (1.86%). Figure 5d shows a Zn-bearing particle that exhibits an irregular shape with a diameter of approximately 250 nm. The particle ( Table 1 ; ID:6) contains Zn (17.15%) and Fe (28.79%). Numerous Pb-, Zn-, and Cu-bearing particles were observed in the soil samples over the studied gold deposit. Figure 5a shows a Pb-and Zn-bearing particle aggregation, approximately 50-100 nm in size and roughly circular in shape for every individual particle. The particle aggregation (Table 1 ; ID:3) contains Pb (65.93%), Zn (9.62%), C (10.21%), and O (6.52%). Figure 5b shows a Zn-bearing particle that exhibits a nearly circular shape with a diameter of approximately 150 nm. The particle ( Table 1 ; ID:4) contains Zn (64.90%), O (18.35%), and Fe (6.57%). Figure 5c shows a Cu-bearing particle aggregation, approximately 200 nm in size and also roughly circular in shape for every individual particle. The particle aggregation (Table 1 ; ID:5) contains Cu (33.83%), Al (25.98%), Cl (24.27%), and Zn (1.86%). Figure 5d shows a Zn-bearing particle that exhibits an irregular shape with a diameter of approximately 250 nm. The particle (Table 1 ; ID:6) contains Zn (17.15%) and Fe (28.79%). Fe-bearing particles are the most common metal-bearing particles in the studied soil samples and some of them are attached by clay minerals. Figure 6 shows some Fe-bearing particles. Most of them are adsorbed to clay minerals ( Table 1 , ID: 10, 11, 12, 13; Figure 6d -g) or carbon-bearing particles ( Table 1, Figure  6d ,f,h,i). Besides, numerous Ca-, Ba-, Ti-, and Na-bearing nanoparticles ( Table 2 , ID: 16-21; Figure  7a -f) occur in soils, most likely in the form of CaCO3, BaSO4, TiO2, and NaCl. In addition, many quartz, amorphous carbon, organic matter, and clay nanoparticles were observed in soils, which indicates that these particles prevail in the studied soils. Fe-bearing particles are the most common metal-bearing particles in the studied soil samples and some of them are attached by clay minerals. Figure 6 shows some Fe-bearing particles. Most of them are adsorbed to clay minerals ( Table 1 , ID: 10, 11, 12, 13; Figure 6d -g) or carbon-bearing particles ( Table 1, Besides, numerous Ca-, Ba-, Ti-, and Na-bearing nanoparticles ( Table 2 , ID: 16-21; Figure 7a -f) occur in soils, most likely in the form of CaCO 3 , BaSO 4 , TiO 2 , and NaCl. In addition, many quartz, amorphous carbon, organic matter, and clay nanoparticles were observed in soils, which indicates that these particles prevail in the studied soils. Figure 8a shows an Au-bearing particle aggregation in fault gouges, approximately 200 nm in size and roughly circular in shape. The particle aggregation (Table 3 ; ID:22) contains Fe (87.44%), Mn (3.06%), Cu (1.10%), and Au (0.33%). Figure 8b shows another Au-bearing particle in fault gouges. The particle (Table 3 ; ID:23) contains Mn (54.24%), Fe (6.28%), and Au (0.23%). There are still four other particles contain Au in fault gouges, but the gold content of all these Au-bearing particles is very low.
Nanoparticles in Fault Gouges
Minerals 2019, 9, Figure 8a shows an Au-bearing particle aggregation in fault gouges, approximately 200 nm in size and roughly circular in shape. The particle aggregation (Table 3 ; ID:22) contains Fe (87.44%), Mn (3.06%), Cu (1.10%), and Au (0.33%). Figure 8b shows another Au-bearing particle in fault gouges. The particle (Table 3 ; ID:23) contains Mn (54.24%), Fe (6.28%), and Au (0.23%). There are still four other particles contain Au in fault gouges, but the gold content of all these Au-bearing particles is very low. Numerous Cu-, Pb-, and Zn-bearing particles were observed in the fault gouge samples. Figure 9a shows a Cu-bearing particle in the fault gouges. The particle exhibits an irregular shape with a diameter of approximately 1000 nm. The EDX results (Table 3 ; ID:24 (I)) show the particle contains Cu (45.19%), S (16.73%), Si (11.97%), Al (8.46%), and O (14.83%) in area I (Figure 9b ). The EDX results (Table 3 ; ID:24 (II)) show the particle contains Cu (3.10%), Si (31.28%), Al (20.90%), and O (42.12%) in area II (Figure 9b ). It indicates that some copper sulfide or copper oxide nanoparticles are adsorbed by clay minerals, which also can be inferred from the STEM-HAADF image (Figure 9d ). The HRTEM image (Figure 9c ) shows that the small Cu-bearing nanoparticle has a clear crystal face, indicative of its crystalline nature. Figure 10a also shows a Cu-bearing particle ( Table 3 ; ID: 25), which contains Cu (10.15%), Fe (14.92%), Al (19.68%), Si (15.41%), S (4.14%), and O (32.09%). It reveals some Cu-, Fe-bearing sulfide or oxide nanoparticles that are adsorbed to clay minerals. Figure 10b ,c shows two Zn-bearing particles. The Zn content (Table 3 ; ID: 26, 27) is higher than 26% and S are higher than 17%. Figure 10d -f shows three Pb-bearing nanoparticles. The EDX results (Table 3 ; ID: 28, 29, 30) indicate that these three particles are composed of a lead oxide particle, a lead sulfide particle, and a native lead particle. Figure 10b ,c shows two Znbearing particles. The Zn content (Table 3 ; ID: 26, 27) is higher than 26% and S are higher than 17%. Figure 10d -f shows three Pb-bearing nanoparticles. The EDX results (Table 3 ; ID: 28, 29, 30) indicate that these three particles are composed of a lead oxide particle, a lead sulfide particle, and a native lead particle. Fe-bearing particles also abound in the studied fault gouges. Most of Fe-bearing particles are adsorbed to clay minerals (Figure 11a,b ; Table 3 , ID: 31, 32). Figure 11c shows an Fe-bearing nanoparticle observed in fault gouges. The EDX results (Table 3 ; ID:33) show the particle contains Fe (52.25%) and S (38.13%), which indicates it is an independent pyrite particle. In addition, clay nanoparticles are also numerous in the studied gault gouges samples. Fe-bearing particles also abound in the studied fault gouges. Most of Fe-bearing particles are adsorbed to clay minerals (Figure 11a,b ; Table 3 , ID: 31, 32) . Figure 11c shows an Fe-bearing nanoparticle observed in fault gouges. The EDX results (Table 3 ; ID:33) show the particle contains Fe (52.25%) and S (38.13%), which indicates it is an independent pyrite particle. In addition, clay nanoparticles are also numerous in the studied gault gouges samples. Figure 10 . Cu-, Pb-, and Zn-bearing nanoparticles in fault gouges; (a) TEM image of a Cu-bearing particle; (b) TEM image of a Zn-bearing particle; (c) TEM image of a Zn-bearing particle; (d) TEM image of a Pb-bearing particle; (e) TEM image of a Pb-bearing particle; (f) TEM image of a Pb-bearing particle.
Fe-bearing particles also abound in the studied fault gouges. Most of Fe-bearing particles are adsorbed to clay minerals (Figure 11a,b ; Table 3 , ID: 31, 32) . Figure 11c shows an Fe-bearing nanoparticle observed in fault gouges. The EDX results (Table 3 ; ID:33) show the particle contains Fe (52.25%) and S (38.13%), which indicates it is an independent pyrite particle. In addition, clay nanoparticles are also numerous in the studied gault gouges samples. 
Nanoparticles in the Geochemical Background Area
More than 50 nanoparticles were investigated in the background soil samples. Most of them are Fe-, Al-, Si-, Ca-, Ti-, and Ba-bearing nanoparticles. Although a few particles contain Cu, Pb, and Zn, the content of these ore-forming elements are usually lower than 1%. Hematite, clay minerals, quartz, and amorphous carbon particles are the most common nanoparticles observed in background soil samples.
The Concentration of Ore-Forming Elements in Soil Samples, Fault Gouge Samples, and Ore Samples
The ore-forming chemical element concentrations in various media are displayed in Table 4 . The mean value of Au reaches up to 3520 ng/g in the ore samples. By contrast, the mean value of Au in fault gouge samples is 429 ng/g, in soil samples over the concealed ore bodies is 14.1 ng/g, and in soil samples from background area is 2.28 ng/g. The results show that Au concentrations are the highest 
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The Concentration of Ore-Forming Elements in Soil Samples, Fault Gouge Samples, and Ore Samples
The ore-forming chemical element concentrations in various media are displayed in Table 4 . The mean value of Au reaches up to 3520 ng/g in the ore samples. By contrast, the mean value of Au in fault gouge samples is 429 ng/g, in soil samples over the concealed ore bodies is 14.1 ng/g, and in soil samples from background area is 2.28 ng/g. The results show that Au concentrations are the highest in ores, which is followed by fault gouge material, soils over concealed ore bodies, and soils from background area. Silver, Cu, Pb, Zn, As, Sb, and Hg have the same distribution pattern as Au. TEM analysis shows that nanoparticles are widespread in the soil and fault gouge samples collected in the studied gold mining area. Comparing the particles from these two different media, we found there were several common features. The nanoparticles, especially the metal-bearing nanoparticles, exhibit distinct features in shape, structure, component, and form of polymerization. The size of these particles ranges from several nanometers to more than 100 nanometer and their shape is ellipse, sphere, hexagon, schistose, or irregular. The metal-bearing nanoparticles tend to attach to the surface of clay minerals and amorphous carbon. In addition, numerous Cu-, Pb-, and Zn-bearing particles, as well as particles containing other metal compounds, occur in the soil and fault gouge samples collected at the deposit. Fe-bearing particles are the most common metal-bearing particles and a small number of Au-bearing particles also occur in samples. Most of the metal-bearing nanoparticles have internal ordered crystal structure.
At the same time, some differences between the metal-bearing particles in these two media have also been presented in this study. Firstly, nano-scale sulfides occur in the fault gouge samples, such as copper sulfide (Table 3 ; ID: 24, 25), lead sulfide (Table 3 ; ID: 29), zinc sulfide (Table 3 ; ID: 26, 27) , and iron sulfide ( Table 3 ; ID: 26, 29, 33) . Metal-bearing particles mainly occur in the form of oxide in the studied soils, such as copper oxide (Table 1 ; ID: 1, 2, 5), lead oxide (Table 1 ; ID: 3), zinc oxide (Table 1; ID: 3, 4, 6), and iron oxide ( Table 1 ; ID: 7-15). Secondly, the nanoparticles tend to form aggregate clusters in soils (Figure 5a,c; Figure 6c ,d,f,h,i) and the nanoparticles in the fault gouge samples tend to occur as single particles. Thirdly, Au-, Cu-, Pb-, Zn-, and Fe-bearing particles in the fault gouges have better-defined crystal shape than in soils. The particles in the soil samples tend to exhibit a rounded or sub-rounded shape.
Comparison of Nanoparticles in Soil Samples in the Mining Area and in the Background Area
Fe-, Al-, Si-, Ca-, Ti-, and Ba-bearing nanoparticles commonly occur in the geochemical background of the studied gold mining area. Hematite, clay mineral, quartz, and amorphous carbon particles are the most common nanoparticles in samples. The main difference is that the Au-, Cu-, Pb-, and Zn-bearing nanoparticles are frequently observed in samples from the mining area and are very rare in samples from background area. Although a few particles contain Cu, Pb, and Zn, the contents of these ore-forming elements are very low.
Migration Mechanism of Metallic Nanoparticles from Mineralized Bodies to Earth's Surface
Understanding the mechanisms and their effectiveness in transferring ore-related metals upwards through the sedimentary cover are very important for the mineral exploration of areas with thick sediment cover [1] . Since element migration through sediment cover is a slow and complex process, the mechanism is still not fully understood, especially for allochthon cover, or for a thick sequence of various overlying post-mineralization rocks and regolith. It is generally thought that trace elements are transported from ore bodies to the earth's surface by one or more mechanisms [2] . The migration mechanisms include groundwater flow, capillary action, ionic diffusion, self-potential effect, vaporization, biological processes, and transportation by gases [1, 2] . Because the movement of ions and particles through the sediment cover is upwards against gravity, a medium and a force are necessary to cause the upward transport of metals [1] . The transporting medium can include gas, water, and mineral particles and the transporting force can include pressure, concentration, electrical, and temperature gradients.
The migration mechanism of transportation by geogas has been proposed and studied for decades [3, 9, 12, 18, [56] [57] [58] . Nano-scale metal-bearing particles can be adsorbed onto the surfaces of gas bubbles and migrate with the bubbles upwards. The geogas may be derived from the atmosphere and driven to the surface by barometric pumping [15] , be released from the ore minerals, or derived from mantle degassing. As mentioned in the first part of this paper, numerous metal-bearing nanoparticles have been observed in geogas samples [12, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . However, answering the questions whether the element anomalies in soils are caused by particles transported by geogas and whether the ore-forming elements in soils occur in the form of nanoparticles need more research.
In this study, numerous Cu-, Pb-, and Zn-bearing particles, as well as a small number of particles containing Au, were identified in the soil samples collected in the studied gold mining area. Most of the metal-bearing nanoparticles have internal ordered crystal structure. Only a few particles contain Cu, Pb, and Zn, and the content of these ore-forming elements are very low in the studied nano-particles. The chemical analysis results show that the concentration of ore-forming elements in soils from the mining area are higher than in soils from the geochemical background area. Besides, the concentration of ore-forming elements in ore and fault gouge samples is much higher than in soil samples. It is assumed, therefore, that the higher concentrations of trace elements in soils from the mining area are due to the vertical migration of ore-forming elements with geogas after mineralization processes and very high concentrations of ore-forming elements in the fault gouge are, by contrast, mainly due to the migration of ore-forming elements with ore-forming fluids along the fault or fracture in or after the mineralization processes. Lu et al. [25] carried out a geogas prospecting experiment in the same study area. The experiment showed that clear Au anomalies occur in geogas samples over the concealed ore bodies. Besides, Au, Cu-, and Ag-bearing nanoparticles were also observed in geogas in Lu et al.'s study [25] . Because the soils in the mining area and in the background area are loess which are all from the same source and very homogeneous, the results clearly indicate that the ore-forming elements with high concentration in soils and geogas can only come from deep-seated ore bodies. Besides, the results also lead us to give a speculation that the ore-forming elements with high concentration in soils and geogas actually occur in the form of nanoparticles. At the same time, we can further conclude that geogas is a very important transfer medium for the vertical migration of metal-bearing nanoparticles. In addition, through comparison of the metallic nanoparticles from soils and fault gouges in the mining area, it can be inferred that the studied fault is a migration channel for ore-forming elements. It is assumed that the metallic nanoparticles in the fault gouge will further migrate into surface soils. The sulfides will turn into oxides. The crystal shape will be rounded. The nanoparticles will tend to aggregate in clusters. Based on the discussion above, a migration model of the ore-forming elements is shown in Figure 12 . As reported by several studies, mineralization processes and late oxidation in deep orebodies formed metal-bearing nanoparticles [59] [60] [61] [62] . Nanoscale particles have large specific surface areas that enable them to migrate with all kinds of geological fluids and be adsorbed by microbubbles and vertically migrate with air currents [33] . Faults, micro fractures, pores, and joints provide the migration channels for nanoparticles [40, 63] .When arriving at the surface, some of these metal-bearing particles would be trapped by soil geochemical barriers such as clays, oxide coatings, and colloids [33] .
Besides, through this study, we found that many metal-bearing nanoparticles adsorb to the surface of clay minerals. Because clay minerals are very fine and occur in the fine fraction of soils, it provides a theoretical support for us to use fine fraction soil as sampling media to carry out geochemical exploration in covered terrains. Finally, based on the comparison of the nanoparticles from the mining area and the background area, we found that the metal-bearing nanoparticles are very different between these two areas. Many nanoparticles containing ore-forming elements were observed in soils collected in the mining area. It gives us an enlightenment to seek a new geochemical method through microscopic observation for mineral exploration in covered area.
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